Plants synthesize jasmonates (JAs) in response to developmental cues or environmental stresses, in order to coordinate plant growth, development or defense against pathogens and herbivores. Perception of pathogen or herbivore attack promotes synthesis of jasmonoyl-L -isoleucine (JA-Ile), which binds to the COI1-JAZ receptor, triggering the degradation of JAZ repressors and induction of transcriptional reprogramming associated with plant defense. Interestingly, some virulent pathogens have evolved various strategies to manipulate JA signaling to facilitate their exploitation of plant hosts. In this review, we focus on recent advances in understanding the mechanism underlying the enigmatic switch between transcriptional repression and hormone-dependent transcriptional activation of JA signaling. We also discuss various strategies used by pathogens and insects to manipulate JA signaling and how interfering with this could be used as a novel means of disease control.
Introduction
Plants encounter various biotic and abiotic stresses throughout their life cycles. The lipid-derived hormones, jasmonates (JAs), enable plants to defend themselves against attacks by a wide variety of herbivores as well as necrotrophic pathogens that kill plant cells for nutrition (Howe and Jander, 2008; Antico et al., 2012; Erb et al., 2012; Campos et al., 2014; Yan and Xie, 2015) . Insect herbivores affected by JA-induced plant defenses include leaf-eating insects, such as caterpillars and beetles as well as piercing-sucking insects, such as thrips, leafhoppers, spider mites, fungal gnats and mirid bugs, the stylet-mediated phloem-feeding aphids and whiteflies, as well as leafminers that feed on soft tissue between the upper and lower surfaces of leaves (Howe and Jander, 2008; Campos et al., 2014; Lu et al., 2015; Goossens et al., 2016) . JA signaling also mediates plant defense against detritivorous crustaceans, vertebrate herbivores and molluscan herbivores Mafli et al., 2012; Falk et al., 2014) . In addition to herbivores, JA signaling mediates plant defense against necrotrophic pathogens, such as the bacterial pathogen Pectobacterium atrosepticum (syn. Erwinia carotovora subsp. atroseptica), fungal pathogens such as Alternaria brassicicola, Botrytis cinerea, Plectosphaerella cucumerina and Fusarium oxysporum, and oomycete Pythium spp (Campos et al., 2014; Yan and Xie, 2015) . JA signaling has also been shown to mediate defense against some biotrophic and hemibiotrophic pathogens that obtain nutrients primarily from living plant cells; examples include rice resistance to Meloidogyne graminicola and Xanthomonas oryzae (Nahar et al., 2011; De Vleesschauwer et al., 2013) . In addition to its role in regulating defense, JA is also required for plant reproduction and other growth and developmental processes, including lateral and adventitious root formation, seed germination, leaf senescence, and the formation of glandular trichomes, resin ducts, and nectaries (Wasternack and Hause, 2013; Campos et al., 2014; Kazan, 2015; Wasternack and Strnad, 2016) . Interestingly, glandular trichomes, resin ducts, and nectaries can produce diverse compounds that are directly or indirectly involved in plant defense, linking the dual roles of JA in development and defense (Dicke and Baldwin, 2010; Campos et al., 2014) .
A number of recent reviews have discussed topics ranging from JA biosynthesis to the molecular genetic dissection of JA signaling (Wasternack and Hause, 2013; Campos et al., 2014; Goossens et al., 2016) . We refer readers to these excellent reviews. Here we will focus on recent literature on the elucidation of the structural mechanisms involved in transcriptional repression and activation of JA signaling, the various strategies used by pathogens and insects to manipulate JA signaling, and innovative approaches to interrupt pathogen hijacking of JA signaling for disease control.
Initiation of JA signaling during pathogen and herbivore attacks
It is now widely accepted that pathogen and herbivore attacks are associated with the generation of a variety of microbe/ pathogen-associated molecular patterns (MAMPs/PAMPs) such as flagellin, herbivore-associated molecular patterns (HAMPs) such as insect secretions, and/or damage-associated molecular patterns (DAMPs) such as plant cell wall-derived oligogalacturonides and systemin or systemin-like peptides (Felton and Tumlinson, 2008; Mithöfer and Boland, 2008; Hogenhout and Bos, 2011; Yamaguchi and Huffaker, 2011; Campos et al., 2014; Heil and Land, 2014) . These attackerassociated patterns are recognized by plant pattern recognition receptors (PRRs) located at the plant plasma membrane (Qi et al., 2006; Song et al., 2006; Yamaguchi et al., 2006; Brutus et al., 2010; Yamaguchi et al., 2010; Mousavi et al., 2013; Choi et al., 2014) . Significant overlap of gene expression, including genes involved in defense hormone signaling, were observed across PAMP, HAMP and DAMP responses in several genome-wide transcriptome studies (Campos et al., 2014) . Studies have also shown the rapid accumulation of JA in response to a wide range of MAMPs, HAMPs and DAMPs (Doares et al., 1995; McCloud and Baldwin, 1997; Li et al., 2002; Lee and Howe, 2003; Schmelz et al., 2003; Huffaker et al., 2006; Schmelz et al., 2007; Bonaventure et al., 2011; Yamaguchi and Huffaker, 2011; Huffaker et al., 2013; Campos et al., 2014; Kim et al., 2014) . Plants can additionally sense the presence of insects via the pressure generated by an insect landing and walking, as well as mechanical wounding (Erb et al., 2012) . In particular, mechanical wounding could cause rapid JA production and activation of JA signaling (Glauser et al., 2009; Koo et al., 2009; Acosta et al., 2013; Chauvin et al., 2013; Farmer et al., 2014) .
The exact mechanism by which MAMP, HAMP and DAMP signaling leads to JA biosynthesis remains elusive. Several intracellular signals, including calcium ions, reactive oxygen species, mitogen-activated protein kinase (MPK) cascades and calcium-dependent protein kinases (CDPKs), have been implicated in the signal transduction from perception of these conserved patterns to induction of JA biosynthesis (Arimura and Maffei, 2010; Sato et al., 2010; Heinrich et al., 2011; Singh and Jwa, 2013; Romeis and Herde, 2014; Zebelo and Maffei, 2015; Ahmad et al., 2016) . Nevertheless, it is not clear whether any of the enzymes involved in the biosynthesis of JA are regulated by CDPK/MPK-mediated phosphorylation, calcium/calmodulin binding or cellular redox changes, although JA-induced phosphorylation of JA signaling components have been observed (Katou et al., 2005; Zhai et al., 2013) . JA is synthesized through the oxylipin biosynthesis pathway (Wasternack, 2007; Gfeller et al., 2010) , starting with α-linolenic acid that is released from chloroplastic membranes following a pathogen or insect attack. Subsequent catalysis is processed by LIPOXYGENASE (LOX), ALLENE OXIDE SYNTHASE (AOS) and ALLENE OXIDE CYCLASE (AOC) to generate 12-oxo-phytodienoic acid (OPDA) in the chloroplast. OPDA is then transported into the peroxisome, where several cycles of β-oxidation take place and (+)-7-iso-JA is synthesized (Wasternack and Hause, 2013; Larrieu and Vernoux, 2016) . After secretion into the cytosol, (+)-7-iso-JA is conjugated with the amino acid isoleucine (Ile) to generate JA-Ile, the most bioactive form of JA (Fonseca et al., 2009) . Meanwhile, the JA cytosolic pool is converted into JA metabolites, for example through hydroxylation and/or carboxylation, in order to attenuate JA signaling, (Kitaoka et al., 2011; Koo et al., 2011; Heitz et al., 2012; Koo and Howe, 2012) . A major area of future research would be to directly connect MAMP/HAMP/DAMP signaling, which appears to occur mainly in the plasma membrane, cytosol and nucleus, to JA biosynthesis, which occurs mainly in the chloroplast and peroxisome.
The core JA sensing and signaling module
Since the cloning of the CORONATINE INSENSITIVE1 (COI1) gene in 1998 (Xie et al., 1998) , which was later found to encode a main component of the JA-Ile receptor complex (Thines et al., 2007; Katsir et al., 2008; Melotto et al., 2008; Sheard et al., 2010) , the core elements of the JA signaling complex have been extensively characterized. This has led to a convincing framework for JA perception and initial signal transduction. In 'stress-free' plants with low levels of JA, JA-mediated responses are restrained by JASMONATE ZIM-domain (JAZ) proteins (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Fonseca et al., 2009) . JAZ proteins function as transcription repressors by binding and repressing MYCs, basic helix-loop-helix (bHLH) transcription factors (TFs) that belong to the IIIe subgroup of the bHLH family ( Fig. 1A) (Heim et al., 2003; Boter et al., 2004; Lorenzo et al., 2004; Chini et al., 2007) . The JAZ8 repressor can recruit the TOPLESS (TPL) family of corepressors directly through the TPL-binding ETHYLENE RESPONSE FACTOR (ERF)-ASSOCIATED AMPHIPHILIC REPRESSION (EAR) motif 'LxLxL' (Shyu et al., 2012) . EAR motifs ('LxLxL' or 'DLNxxP') were also identified in JAZ5, JAZ6 and JAZ7 proteins (Kagale et al., 2010) and direct interaction between TPL and JAZ5/6 was detected in interactome experiments (Arabidopsis Interactome Mapping Consortium 2011; Causier et al., 2012) . Most other JAZ proteins recruit TPL through binding, via the ZIM domain, to the EAR motifcontaining adaptor protein NOVEL INTERACTOR OF JAZ (NINJA) (Kazan, 2006; Pauwels et al., 2010; Acosta et al., 2013) . TPL proteins in turn recruit histone deacetylases (HDAs), such as HDA6 and HDA19, resulting in chromatin remodeling and suppression of JA-responsive gene expression (Zhou et al., 2005; Long et al., 2006; Wu et al., 2008) . Additionally, JAZ1, JAZ3, and JAZ9 can directly interact with HDA6 leading to chromatin remodeling and repression of JA-responsive genes independently of NINJA and TPL proteins (Zhu et al., 2011) .
In response to stress, plants synthesize JA-Ile, which directly promotes the interaction between JAZ and COI1, the F-box subunit of the SCF COI1 ubiquitin E3 ligase (Fig. 1B ) (Thines et al., 2007; Katsir et al., 2008; Melotto et al., 2008; Yan et al., 2009; Sheard et al., 2010) . This hormone-dependent interaction leads to ubiquitination and degradation of JAZ proteins via the 26S proteasome, thereby derepressing MYC TFs (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) . JA stimulates extensive transcriptional reprogramming through two branches of transcription activators. In one branch, JA signaling responds to wounding or herbivore attack and induces the production of defense proteins, such as VEGETATIVE STORAGE PROTEIN (VSP), via MYCs (Lorenzo et al., 2004) . In the other branch, JA acts synergistically with ethylene (ET) upon necrotrophic pathogen attack and induces the production of defense proteins, such as PLANT DEFENSIN 1.2 (PDF1.2), via the APETALA2/ERF (AP2/ERF) TF family, such as ERF1 and OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (Zhang et al., 2015a) ; and/or (2) recruiting TOPLESS (TPL) corepressors either directly (Shyu et al., 2012) or through the NINJA adaptor (Kazan, 2006; Pauwels et al., 2010; Acosta et al., 2013) . TPL in turn recruits histone deacetylases, HDA6 and HDA19, which repress gene expression through chromatin remodeling (Zhou et al., 2005; Long et al., 2006; Wu et al., 2008) . JAZ1/3/9 also directly interact with HDA6 (Zhu et al., 2011) . Red lines represent transcriptional repression of JA response genes. (B) JA-Ile facilitates the interaction between JAZ and COI1 to form a coreceptor complex (Thines et al., 2007; Katsir et al., 2008; Melotto et al., 2008; Yan et al., 2009; Sheard et al., 2010) . This coreceptor complex leads to ubiquitination and proteasome-dependent degradation of JAZ repressors by the SCF COI1 E3 ubiquitin ligase, resulting in derepression of MYCs (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007) . JAZ-free MYCs form homo-or heterodimers and bind to the conserved G-box (not shown) in the promoters of JA responsive genes (Fernández-Calvo et al., 2011) . By interacting with MED25 and possibly additional co-activators, MYCs recruit RNA polymerase II and other transcription components (not shown) to transcribe JA-responsive genes (Çevik et al., 2012; Chen et al., 2012) . Green arrow represents derepression of JA response genes.
(ORA59) (Pré et al., 2008; Zarei et al., 2011; Pieterse et al., 2012; Wasternack and Hause, 2013) .
In addition to the COI1-JAZ-MYC canonical JA-mediated signaling cascade, JAZ repressors also interact with several other TFs, highlighting the multiple roles of JAZ proteins in regulating plant biology . The identification of these JAZ-binding TFs shed lights on how JA signaling modulates and integrates plant responses in response to developmental or environmental cues. Examples include the following: (i) Two members of the R2R3 MYB TF family, MYB21 and MYB24, interact with all JAZ proteins to regulate JA-mediated male fertility (Mandaokar et al., 2006; Song et al., 2011) . (ii) Multiple JAZ proteins associate with WD-repeat/bHLH/MYB transcriptional complexes, which comprise WD-repeat TRANSPARENT TESTA GLABRA 1 (TTG1), IIIf bHLH TF TRANSPARENT TESTA 8 (TT8), GLABRA 3 (GL3) or ENHANCER OF GLABRA 3 (EGL3), and the MYB TF GLABRA 1 (GL1) or MYB75. This results in the repression of JA-mediated anthocyanin synthesis and trichome initiation (Traw and Bergelson, 2003; Pesch and Hulskamp, 2009; Qi et al., 2011b; Grebe, 2012; Qi et al., 2014) . In this case, JAZ proteins directly interact with bHLH TFs and MYB TFs in the WD-repeat/bHLH/ MYB complex and therefore interfere with the assembly and function of the WD-repeat/bHLH/MYB complex (Qi et al., 2011b) . (iii) Four TFs from the IIId bHLH subfamily, bHLH3/ JA-ASSOCIATED MYC2-LIKE 3 (JAM3), bHLH13/JAM2, bHLH14 and bHLH17/JAM1, which are phylogenetically closely related to MYC proteins, were found to interact with JAZ proteins. These bHLH TFs act as transcription repressors by antagonistically binding to the target sequence of MYC2 or the WD-repeat/bHLH/MYB complex and so negatively regulate JA-mediated responses (Nakata et al., 2013; SasakiSekimoto et al., 2013; Song et al., 2013; Fonseca et al., 2014) . (iv) Several JAZ proteins interact with the IIIb bHLH TFs, INDUCER OF CBF EXPRESSION 1 (ICE1) and ICE2, resulting in the repression of freezing tolerance in Arabidopsis (Hu et al., 2013) . Binding specificities of these JAZ-bHLH complexes may be associated with fine tuning of JA-mediated responses (Chini et al., 2016). (v) In addition to the bHLH family, JAZ3 can interact with the YABBY (YAB) family TFs, FILAMENTOUS FLOWER (FIL)/YAB1 and YAB3, resulting in the repression of JA-mediated anthocyanin accumulation. Moreover, MYB75 is a direct transcriptional target of FIL, regulating anthocyanin accumulation (Boter et al., 2015) . (vi) JAZ1, JAZ3, and JAZ9 can bind to ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE 1 (EIL1) TFs that positively regulate the ET response, thereby suppressing the activity of EIN3 and EIL1 (Zhu et al., 2011) . (vii) JAZ1, JAZ3, JAZ4, and JAZ9 proteins interact with the AP2 TFs, TARGET OF EAT 1 (TOE1) and TOE2. JA-triggered degradation of JAZ proteins release TOE1 and TOE2, both of which repress the transcription of FLOWERING LOCUS T (FT) and delay the flowering time of Arabidopsis (Zhai et al., 2015) . (viii) WRKY57 is a repressor of JA-induced leaf senescence and interacts with JAZ4/8 or the AUXIN/ IAA-INDUCIBLE (AUX/IAA) protein IAA29, regulating JA-auxin antagonism in leaf senescence (Jiang et al., 2014) .
New structural insights into the COI1-JAZ-MYC signaling complex
While molecular, biochemical, and genetic studies support the view that COI1, JAZ, and MYC initiate a JA-dependent signaling cascade, the exact mechanisms of transcription repression or activation were until recently unclear. All JAZ proteins contain a conserved Jas motif at the C-terminus (Thines et al., 2007; Chini et al., 2007) . Two studies elucidated the high-resolution structures of the COI1-Jas and Jas-MYC complexes (Sheard et al., 2010; Zhang et al., 2015a) . Specifically, the crystal structure of the COI1-JA-IleJas JAZ1 complex shed light on how COI1 and JAZ proteins perceive JA-Ile (Sheard et al., 2010) . In this structure, the three N-terminal α-helixes of COI1 bind to ASK1, a COI1-interacting subunit within the SCF COI1 ubiquitin E3 ligase complex, whereas the 18 tandem leucine-rich-repeats (LRRs) at the C-terminus form a binding pocket for JA-Ile. On the other hand, the Jas JAZ1 peptide adopts a bipartite structure in the presence of JA-Ile: (i) the five conserved N-terminal amino acids ('ELPIA') of the Jas JAZ1 motif forms a loop that directly interacts with both JA-Ile and COI1 to trap JA-Ile into the ligand-binding pocket and (ii) the C-terminal region of the Jas JAZ1 motif forms an α-helix for docking to the top surface of the COI1 LRR domain ( Fig. 2A) . Inside the ligand binding pocket, the amide and carboxyl groups of JA-Ile bind to three basic residues of COI1, R85, R348 and R409, via a salt bridge and hydrogen bond network (Fig. 2B ). In addition to Y386, Y444 and R496, these arginine residues are critical for the COI1-Jas JAZ1 interaction. Overall, the COI1-JAZ crystal structure is consistent with the radio-ligand binding assays showing both COI1 and JAZ proteins are required for high-affinity JA-Ile binding (Sheard et al., 2010) . That is to say, JA-Ile is perceived as a high-affinity ligand by the COI1-JAZ coreceptor complex rather than COI1 or JAZ alone. In addition, the COI1-JA-Ile-JAZ structure provides a convincing explanation for the isomeric specificity of JA-Ile as a preferred ligand described previously (Staswick and Tiryaki, 2004; Fonseca et al., 2009) . In particular, (3R,7S)-JA-Ile has a higher binding affinity than (3R,7R)-JA-Ile to the COI1-JAZ coreceptor. This is because the aliphatic chain from (3R,7R)-JA-Ile interferes with binding to COI1 and JAZ1. Analysis of the COI1-JA-Ile-Jas JAZ1 crystal structure also led to the unexpected finding of inositol-1,2,4,5,6-pentakisphosphate (InsP 5 ) as a cofactor for the COI1-JAZ interaction. InsP 5 was found to interact with both the R206 residue of the Jas JAZ1 peptide and three arginine residues of COI1, R85, R348 and R409, located at the bottom of the JA-Ile binding pocket (Fig. 2C) . In addition to inositol phosphate, R206 of the Jas JAZ1 peptide also directly interacts with the carboxyl group of JA-Ile. R206 cooperates with the three arginine residues of COI1, R85, R348 and R409, to form a salt bridge network that is required for the ligand-perception assembly. InsP binding specificity to the JA receptor is largely determined by the COI1 protein (Laha et al., 2015; Laha et al., 2016) .
In addition to binding to COI1 to form the COI1-JAZ coreceptor that perceives JA-Ile, the Jas motif is also critical for interaction with MYC to mediate transcriptional repression (Cheng et al., 2011; Fernández-Calvo et al., 2011; Niu et al., 2011) . How the same JAZ motif could engage COI1 for hormone-dependent activation of JA signaling and MYC for repression of JA signaling remained a mystery until a recent report with a detailed MYC3-Jas JAZ1 complex structure (Zhang et al., 2015a) . The N-terminus of MYC3 contains the JAZ-interacting domain (JID) and the transcription activation domain (TAD), which are required and sufficient for the JAZ-MYC interaction (Fernández-Calvo et al., 2011; Çevik et al., 2012; Chen et al., 2012) . Zhang and colleagues (2015a) solved the structures of the Jas JAZ1 -MYC3 and Jas JAZ9 -MYC3 complexes, revealing that the N-terminus of MYC3 forms a helix-sheet-helix sandwich fold, in which the central fivestranded anti-parallel sheets are surrounded by eight helices (Fig. 2D) . The α4 helix of TAD forms a groove with JID. In the MYC3-Jas JAZ1 and MYC3-Jas JAZ9 complex structures, the Jas peptide forms a single, continuous helix to occupy in the groove formed by JID and TAD and becomes an integral part of the MYC3 N-terminal fold. Correspondingly, MYC3 undergoes a dramatic conformational change upon engaging the Jas motif sequence (Zhang et al., 2015a) .
The JAZ-MYC3 structure provides mechanistic insights into the transcriptional repression and hormone-dependent activation of the JA pathway. First, comparison of the structures of the COI1-JA-Ile-JAZ and JAZ-MYC complexes reveals extensive overlap in COI1 and MYC binding to the Jas motif. However, the COI1-JAZ interaction involves more amino acid residues in the Jas domain compared with the Jas-MYC interaction. Specifically, the N-terminal portion ('ELPIA' in JAZ9) of the Jas motif that is critical for JAZ binding to JA-Ile/COI1 is not essential for the MYC-JAZ interaction. Furthermore, in contrast to the continuous helix conformation of the Jas motif in the JAZ-MYC complex, the Jas motif in the COI1-JAZ complex adopts a bipartite conformation ( Fig. 2A) , involving JA-Ile-dependent unwinding of the N-terminal portion of the Jas helix. It is likely that the more extensive interactions in the COI1-JA-Ile-JAZ complex allow COI1 to compete with MYC for JAZ interaction upon JA-Ile stimulation. Secondly, the Jas helix occupies the groove formed by JID and TAD in the JAZ-MYC3 structure and makes direct contact not only with JID but also with TAD, which is required for transcriptional activation. This unexpected finding suggests the possibility of direct competition between the JAZ repressor and transcription coactivators. Indeed, Zhang and colleagues showed that JAZ could directly inhibit the interaction between MYC3 and MED25 (Zhang et al., 2015a) , which is a component of the Mediator co-activator complex required for JA gene expression (Çevik et al., 2012; Chen et al., 2012) . Thus, in addition to JAZmediated recruitment of TPL/NINJA corepressors/adaptors for chromatin-based transcriptional repression, JAZ repressors also directly inhibit interactions between MYC proteins and MED25. Such a dual transcriptional repression mechanism may be the key to ensuring tight and dynamic control of JA responses.
Pathogen and insect manipulation of JA biosynthesis and signaling
Salicylic acid (SA)-JA antagonism
Plants appear to rely on crosstalk between different hormone signaling pathways in order to fine tune proper immune responses against different types of pathogens. Relevant to this review is the SA-JA antagonistic interaction, which has been extensively studied and reviewed recently (see for example Pieterse et al., 2012; Caarls et al., 2015) . In general, JA mediates broad spectrum resistance against necrotrophic pathogens and herbivorous insects, whereas SA is a major regulator of defense against biotrophic and hemibiotrophic pathogens (Pieterse et al., 2012; Campos et al., 2014; Caarls et al., 2015) . Activation of JA signaling has been shown to inhibit SA accumulation through upregulated expression of the NAC TFs, ANAC019, ANAC055, and ANAC072. MYC2 activates the transcription of these NAC TFs via direct interaction between MYC2 and the promoter region of these genes. The NAC TFs are reported to inhibit the expression of the SA biosynthesis gene ISOCHORISMATE SYNTHASE 1 (ICS1) and activate the expression of the JAZ1 complex, the Jas JAZ1 peptide, adopting a single, continuous helix, occupies the groove formed by JID and TAD in the MYC3 N-terminus. Images were generated using PyMol software (Schrödinger, 2015) and the PDB files 3OGL (A, B, C) (Sheard et al., 2010) and 4YZ6 (D) (Zhang et al., 2015a) .
SA methylation gene, BENZOIC ACID/SA CARBOXYL METHYLTRANSFERASE 1 (BSMT1) (Zheng et al., 2012) . On the other hand, SA-mediated suppression of JA signaling involves several components, including NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1), TGA TFs, GLUTAREDOXINS (GRXs), and several WRKY TFs (Spoel et al., 2003; Ndamukong et al., 2007; La Camera et al., 2011; Zander et al., 2012; Zander et al., 2014; Caarls et al., 2015; Schmiesing et al., 2016) . For instance, SA induces the expression of GRXs, which block TGA TF-mediated JA response gene expression, including the expression of ORA59 (Ndamukong et al., 2007; Zander et al., 2012) . Moreover, SA treatment also reduces the protein level of ORA59 and inhibits the activation of ORA59-regulated gene expression (Van der Does et al., 2013; Zander et al., 2014) . Interestingly, egg extract from the large white butterfly Pieris brassicae induced SA-JA antagonism and was recently shown to be due to a reduction of MYC protein levels, independently of ORA59 (Schmiesing et al., 2016) .
In nature, plants encounter attacks by pathogens and insects with different lifestyles, for example necrotrophic versus biotrophic. It is possible that the SA-JA antagonistic interaction may have evolved as a powerful strategy for plants to fine tune immune responses based on the type of attackers they encounter at any given time (Pieterse et al., 2012) . Conversely, pathogens have developed a plethora of virulence strategies, including evading or manipulating JA-mediated defense, as well as exploitation of SA-JA antagonism, to facilitate their survival in the plant. Below we focus our discussion on recent studies that illustrate elegant examples of pathogen and insect manipulation of JA-mediated defense.
Activation of JA signaling for pathogenesis

Bacterial pathogens
Perhaps the most famous example of pathogen hijacking of JA signaling is mediated by the polyketide toxin coronatine (COR), produced by several pathovars of the hemibiotrophic bacterial pathogen Pseudomonas syringae. COR is a structural and functional mimic of JA-Ile (Bender et al., 1999) . It contains two moieties: coronafacic acid and coronamic acid, which are conjugated by an amide linkage (Brooks et al., 2004) . COR promotes bacterial infection through counteracting PAMP-induced stomatal closure, suppression of plant apoplastic defense, and induction of disease symptoms (Geng et al., 2014) . As a remarkable structural mimic of JA-Ile, COR directly binds to the COI1-JAZ receptor with high affinity (Fig. 3) (Katsir et al., 2008; Melotto et al., 2008; Yan et al., 2009; Sheard et al., 2010; Zhang et al., 2015b) . COR-mediated activation of the JA signaling pathway leads to suppression of SA-mediated plant defense against P. syringae (Kloek et al., 2001; Brooks et al., 2005; Melotto et al., 2006; Zeng and He, 2010; Zhang et al., 2015b) . It has been reported that COR may also have some virulence functions independent of SA-JA antagonism, such as regulation of secondary metabolites and suppression of callose deposition (Brooks et al., 2005; Uppalapati et al., 2005; Millet et al., 2010; Geng et al., 2012; Yi et al., 2014) .
Although COR is most commonly studied in P. syringae (Bender et al., 1999; Geng et al., 2014) , production of CORlike compounds has been reported in other bacteria, including Pseudomonas cannabina pv. alisalensis, Streptomyces scabies, and Xanthomonas campestris pv. phormiicola (Bender et al., 1999; Fyans et al., 2015; Geng et al., 2014) . Moreover, gene clusters involved in COR biosynthesis have been identified in Pseudomonas savastanoi pv. glycinea, as well as necrotrophic P. atrosepticum (syn. E. carotovora subsp. atroseptica), Pectobacterium carotovorum subsp. carotovorum and Dickeya sp. (Bell et al., 2004; Slawiak and Lojkowska, 2009; Qi et al., 2011a) . Taken together, these results indicate that biosynthesis of JA-Ile mimics may be a widely utilized strategy by diverse bacterial pathogens to counteract plant defense. (Sugio et al., 2011) . The fungus M. oryzae stimulates JA hydroxylation to attenuate JA signalling via the Abm effector (Patkar et al., 2015) . The mutualist L. bicolor suppresses the degradation of JAZ protein by the action of the MiSSP7 effector (Plett et al., 2014) . The viral protein BCTV L2 suppresses SCF COI1 activity through CSN5 (Lozano-Duran et al., 2011) . The insect vector B. tabaci employs TYLCCNV to suppress MYC2-mediated gene expression through direct interaction between the βC1 effector and MYC2 (Li et al., 2014) . Conversely, pathogens can also activate JA signalling for pathogenesis. F. oxysporum produces JA or JA-Ile and activates JA signalling (Cole et al., 2014) . The hemibiotrophic bacterium P. syringae secretes COR or the AvrB effector to enhance the interaction between COI1 and JAZ coreceptor proteins (Bender et al., 1999; Katsir et al., 2008; Melotto et al., 2008; Yan et al., 2009; Sheard et al., 2010; Zheng et al., 2012; Zhang et al., 2015b; Zhou et al., 2015) . HopZ1a acetylates JAZ proteins and stimulates degradation of JAZ in a COI1-dependent manner . HopX1 stimulates JAZ protein degradation in a COI1-independent manner and activates JA signalling (Gimenez-Ibanez et al., 2014) .
In addition to COR, proteinaceous effectors secreted from strains of P. syringae have also been shown to activate JA signaling through targeting the COI1-JAZ receptor Gimenez-Ibanez et al., 2014) , indicating the COI1-JAZ receptor is a common hub for pathogen hijacking. For example, HopZ1a, an acetyl transferase produced by P. syringae pv. syringae (Psy) strain A2, directly interacts with and induces acetylation of JAZ proteins. JAZ acetylation by HopZ1a is associated with its degradation in a COI1-dependent manner, thereby activating JA signaling (Fig. 3 ) . On the other hand, HopX1, produced by P. syringae pv. tabaci (Pta) strain 11528, is a cysteine protease that interacts with and promotes the degradation of JAZ proteins in a COI1-independent manner (Fig. 3) (GimenezIbanez et al., 2014) . Interestingly, neither Psy A2 nor Pta 11528 produces COR/COR-like compounds, indicating that different pathogenic bacteria evolved alternative strategies to target core components of the JA signaling pathway for disease development.
Additionally, the P. syringae effector AvrB enhances JA signaling in a COI1-dependent manner in Arabidopsis (He et al., 2004) . In this case, the Arabidopsis protein RPM1-INTERACTING PROTEIN 4 (RIN4) appears to be involved (Cui et al., 2010; Zhou et al., 2015) . AvrB interacts with RIN4 and activates the plasma membrane-localized H + -ATPase, AHA1, in a RIN4-dependent manner. Both AHA1 and AvrB enhance the COI1-JAZ interaction and the degradation of JAZ proteins by an as yet unclear mechanism, resulting in stomatal opening and compromised plant defense against P. syringae (Fig. 3) (Zhou et al., 2015) . Besides targeting the core components of JA signaling, AvrB also interacts with MPK4 and associates with the chaperone HEAT SHOCK PROTEIN 90 (HSP90) through RAR1, a co-chaperone for HSP90. Phosphorylation of MPK4 is induced by AvrB, which is promoted by HSP90, leading to the activation of JA signaling, likely through RIN4 (Cui et al., 2010) . Overall, understanding how AvrB activates JA signaling may yield new insights into alternative plant pathways that intercept JA signaling and/or response.
Fungal and oomycete pathogens
JA production is a common feature for many plant-interacting fungal pathogens or symbionts Goossens et al., 2016) . For instance, 22 JA and JA-related compounds were detected in the culture filtrate of F. oxysporum (Fo) f. sp. matthiolae (Miersch et al., 1999a) , and JA biosynthesis has been observed in Laccaria laccata, Pisolithus tinctorius, Aspergillus niger and Lasiodiplodia theobromae (Miersch et al., 1999b; Miersch et al., 1999c; Tsukada et al., 2010) . Intriguingly, JA production has only been reported in plant-interacting fungi, indicating that these fungi may have evolved the ability to produce JA in order to colonize plants . Consistent with this idea, the Arabidopsis pathogens F. oxysporum f. sp. matthioli (Fomt) and F. oxysporum f. sp. conglutinanas (Focn) produce JA, JA-Ile, and JA-Leu (Fig. 3) and exhibit reduced virulence in the coi1 mutant (Cole et al., 2014) , indicating that JA signaling promotes Fo infection. Surprisingly, unlike bacterial pathogens, COI1-mediated Fo pathogenesis is independent of SA signaling and may be due to COI1-mediated lesion development in Arabidopsis (Thatcher et al., 2009) . Specifically, Arabidopsis coi1/ NahG plants, defective both in JA perception and SA accumulation, exhibited a similar level of resistance against F. oxysporum 5176 (Fo5176) as coi1 plants. Resistance in the coi1 mutant was only detected when leaf necrosis was highly developed in wild type plants, while no necrosis was observed in coi1 plants.
Cinnacidin, a structural analog of JA-Ile/COR, has been isolated from the fermentation extract of the fungus Nectria sp. DA060097, which is closely related to two woody plant pathogens N. cinnabarina and N. pseudotrichia. Cinnacidin contains a cyclopentalenone ring and an isoleucine side chain. In comparison with COR, the synthetic cinnacidin analog exhibited similar potency in the level of inhibition of bentgrass seedling growth but was less effective in inhibiting Arabidopsis seedling growth (Irvine et al., 2008) . However, whether cinnacidin acts directly on the COI1-JAZ coreceptor or if it is required for fungal virulence is still unknown.
Fungal and oomycete pathogens also produce proteinaceous effectors that activate JA signaling and enhance disease development. For example, several SECRETED IN XYLEM (SIX) effector proteins contribute to the virulence of Fo strains (Takken and Rep, 2010) , including Fo5176 (Thatcher et al., 2012a) . One of these SIX proteins from Fo5176, Fo5176-SIX4, enhances host JA signaling and Arabidopsis susceptibility (Thatcher et al., 2012a) . Similar to the action of fungal-derived JA, no difference in SA-responsive gene expression was detected after inoculation with the ∆six4 mutant or wild type Fo5176. This finding reinforces the notion that SA-JA antagonism is not associated with the ability of the soil pathogen Fo to colonize the plant host. Additionally, Fo infection induces the expression of LOB DOMAIN-CONTAINING PROTEIN 20 (LBD20), which functions downstream of COI1 and MYC2 to promote pathogenesis. LBD20 expression is associated with suppression of one branch of JA signaling, marked by the expression of THIONIN 2.1 (Thi2.1) and VSP2, while no effects were detected on the other branch of JA signaling, marked by unaltered expression of PDF 1.2 (Thatcher et al., 2012b) . However, how the Thi2.1/VSP2 branch of JA signaling promotes Fo5176 pathogenesis needs further investigation.
Additionally, an oomycete effector protein from Hyaloperonospora arabidopsis, HaRxL44, induces JA/ET signaling, suppresses SA signaling and enhances host disease susceptibility via interference with MED19a. MED19a is another member of the Mediator co-activator complex, which regulates SA-triggered immunity (Caillaud et al., 2013) . HaRxL44 interacts with and induces degradation of MED19a via the proteasome. In doing so it redirects the SA-mediated response towards a JA/ET-mediated response as a novel strategy to promote infection (Caillaud et al., 2013) .
Suppression of JA signaling for pathogenesis and symbiosis
In contrast to biotrophic and hemibiotrophic pathogens, chewing insects and necrotrophic pathogens suppress JA signaling for their success in host plants. One strategy is to reduce JA accumulation after infection, either by blocking JA biosynthesis or by accelerating JA catabolism. Alternatively, SA-JA antagonism may be employed for suppression of JA-mediated defense. Emerging studies suggest that both strategies are used by various pathogens.
Fungal pathogens and symbionts
Some fungal species have evolved the ability to metabolize JA. For example, the antibiotic biosynthesis monooxygenase (Abm) from the rice blast fungus Magnaporthe oryzae coverts both fungal-and plant-derived JA into 12OH-JA to attenuate JA signaling and facilitate host colonization (Patkar et al., 2015) . Loss of Abm in M. oryzae leads to the accumulation of methyl JA in the fungus and the induction of plant defense. Abm therefore not only attenuates plant JA defense signaling but also likely converts fungal JA to 12OH-JA to avoid the induction of host defense (Fig. 3) (Patkar et al., 2015) . In addition, hydroxylation of the pentenyl side chain of JA was detected in several fungal species, including A. niger, P. tinctorius and Botryodiplodia theobromae (Miersch et al., 1991; Miersch et al., 1993; Miersch et al., 1999b; Miersch et al., 1999c) . However, whether hydroxylation of JA by these species contributes to pathogenesis remains to be investigated.
Just as biotrophic and hemibiotrophic pathogenic bacteria activate JA signaling to dampen SA signaling, necrotrophic pathogens can manipulate SA-JA antagonism to suppress JA-mediated defense. B. cinerea produces β-(1,3) (1,6)-D -glucan, an exopolysaccharide that stimulates SA accumulation and antagonistically suppresses JA-response gene expression, including that of proteinase inhibitors I and II (PI I and PI II) (El Oirdi et al., 2011) . Further investigation showed that in tomato plants SA-mediated disease development induced by B. cinerea and Alternaria solani requires two important regulators of SA signaling: NPR1 and TGA1 (El Oirdi et al., 2011; Rahman et al., 2012) .
Pathogens and symbionts also secrete proteinaceous effectors to suppress JA signaling. For instance, the Sclerotinia sclerotiorum integrin-like (SSITL) protein, produced by the necrotrophic pathogen S. sclerotiorum, suppresses JA/ET signaling mediated resistance at the early stage of infection (Zhu et al., 2013) . However, the underlying mechanism is not clear. On the other hand, MYCORRHIZA-induced SMALL SECRECTED PROTEIN 7 (MiSSP7), produced by the symbiotic ectomycorrhizal fungus Laccaria bicolor, is indispensable for the establishment of fungal mutualism in Populus trichocarpa (Plett et al., 2011) . MiSSP7 expression could be induced by host (poplar) and non-host (Arabidopsis) root excretions (Plett et al., 2011) , particularly by the two flavonoids rutin and quercetin (Plett and Martin, 2012) . Recently, Navarro-Ródenas et al. (2015) found that the L. bicolor aquaporin, LbAQP1, modulates MiSSP7 expression and the establishment of ectomycorrhizal structures in trembling aspen (Populus trmuloides) (Navarro-RoDenas et al., 2015) . MiSSP7 enters the plant cell via phosphatidylinositol 3-phosphate (PI-3-P)-mediated endocytosis, interacts with PtJAZ6 and inhibits ligand-induced degradation of PtJAZ6 in the host nucleus, thereby blocking activation of JA signaling and facilitating the establishment of symbiosis (Fig. 3) (Plett et al., 2011; Plett et al., 2014) . Contrary to what has been observed for the P. syringae effectors HopZ1a and HopX1, the MiSSP7 effector stabilizes the JAZ6 protein, therefore negatively regulating JA signaling. On the other hand, SECRETED PROTEIN 7 (SP7) produced by the arbuscular mycorrhizal fungus Glomus intraradices interacts with the plant TF ERF19 in the nucleus and subsequently suppresses ET-mediated plant defense, enhancing mycorrhizal symbiosis of G. intraradices in Medicago truncatula (Kloppholz et al., 2011) .
Herbivores and viral pathogens
Insects employ diverse strategies to manipulate SA-JA antagonism so they are better accommodated by their host plants. This includes directly secreting SA or inducing SA signaling. For instance, a high level of SA was found in the locomotion mucus of the slug Deroceras reticulatum (Kästner et al., 2014) . Salivary excretions of the beet armyworm Spodoptera exigua have GLUCOSE OXIDASE (GOX) activity, which could suppress JA-regulated defenses via activation of the SA pathway (Weech et al., 2008; Diezel et al., 2009) . GOX catalyzes the generation of peroxide from D-glucose (Eichenseer et al., 1999) and is the first insect salivary enzyme identified to suppress wound-induced plant defense against herbivores. GOX from S. exigua and Helicoverpa zea suppresses terpenoid synthesis in M. truncatula, suppresses wound-induced production of nicotine in tobacco plants and suppresses defense against insects in tomato plants (Musser et al., 2002; Musser et al., 2005; Bede et al., 2006) . Interestingly, larvae of Colorado potato beetles, Leptinotarsa decemlineata, employ microbial symbionts in their oral secretions to induce SA production, which antagonistically suppress JA-mediated defense against herbivores in tomato plants (Chung et al., 2013) . Loss of the ability to suppress JA signaling was detected in antibiotic-treated larvae, whereas this ability could be restored with inoculation of the microbial symbionts (Chung et al., 2013) .
Oviposition or egg extract also triggers SA accumulation and signaling and suppresses JA-regulated plant defense against the generalist herbivore Spodoptera littoralis (Bruessow et al., 2010) . Remarkably, a recent study showed that Pieris brassicae egg extracts not only trigger SA signaling but also mediate the destabilization of MYC proteins in a SA-dependent manner (Schmiesing et al., 2016) .
As elegant examples of co-evolution, manipulation of SA-JA antagonism has also been observed in tritrophic interactions to benefit pathogens that are transmitted by insect vectors. In these interactions, insect vectors transmit viruses or phytoplasmas to plants. The microbial pathogens manipulate JA-dependent defense and subsequently affect the performance of insect vectors. For example, the insect vector Macrosteles quadrilineatus transmits the Aster yellows phytoplasma strain witches' broom (AY-WB) to the plant host.
SECRETED AY-WB PROTEIN 11 (SAP11), secreted by the phytoplasm, binds to and mediates the destabilization of Arabidopsis CINCINNATA (CIN)-related TEOSINTE BRANCHED 1, CYCLOIDEA, and PROLOFERATING CELL FACTORS (TCP) TFs in the nucleus. This process is regulated by miR319, which guides mRNA cleavage of several TCP transcripts (Palatnik et al., 2003; Sugio et al., 2011; Sugio et al., 2015) . TCP proteins contain a conserved bHLH DNA-binding domain and regulate various pathways of plant development and defense (Li, 2015) . Downregulation of CIN-TCPs reduces the expression of LOX genes involved in JA biosynthesis and consequently reduces JA levels and signaling in Arabidopsis, which in return benefits the proliferation of the insect vector (Fig. 3) (Sugio et al., 2011) . Moreover, downregulation of CIN-TCPs results in the delayed maturation of vegetative organs, which increases the survival of the biotrophic phytoplasm (Efroni et al., 2008; Li, 2015) , indicating that both the insect vector and the obligate phytoplasm take advantage of SAP11 suppressed-JA signaling in this tritrophic interaction. Recently, SAP11 was also shown to induce the destabilization of TCP TFs and suppression of JA responses in Nicotiana benthamiana (Tan et al., 2016) . Suppression of TCP expression and JA-mediated plant resistance are also observed during viral infections (Zhang et al., 2016) . For example, rice ragged stunt virus (RRSV) infection enhances miR319 accumulation in rice plants. As in the case of AY-WB, miR319 guides mRNA cleavage of several TCP genes and suppresses JA signaling; this is probably also through TCP-mediated LOX2 expression (Schommer et al., 2008; Danisman et al., 2012; Zhang et al., 2016) .
The aphid Myzus persicae transmits the cucumber mosaic virus (CMV) to plants as a strategy to counteract plant defense. The CMV 2b protein is a viral suppressor of RNA silencing (VSR) (Jacquemond, 2012) , which has roles in symptom induction, virus movement, and the disruption of SA-or JA-mediated plant defense, in addition to the suppression of antiviral RNA silencing (Du et al., 2014; Csorba et al., 2015) . Arabidopsis plants ectopically expressing CMV 2b show misregulation of 90% of the JA-responsive genes, whereas 2b protein enhances responses to SA (Lewsey et al., 2010) . 2b protein-triggered repression of JA response genes was also detected in Nicotiana tabacum and is associated with promoting aphid infection (Ziebell et al., 2011) . The negative effect of the 2b protein on JA signaling may be partly explained by its interference with the activity of RNAdependent RNA polymerase 1 (RDR1) (Diaz-Pendon et al., 2007; Csorba et al., 2015) . In addition, HC-Pro, another viral VSR protein from the turnip mosaic virus (TuMV), also affects JA-regulated gene expression in Arabidopsis (Endres et al., 2010) . However, further studies with other viruses and their corresponding VSR proteins indicate that VSR-mediated repression of JA response gene expression is not always associated with enhanced aphid performance in N. benthamiana (Westwood et al., 2014) . This indicates that JA signaling may play distinct roles in mediating aphid performance in different plant species. Other viral proteins have also been shown to be involved in overcoming JA-mediated host defense. The L2 protein from the beet curly top virus (BCTV) and the homologous C2 protein from the tomato yellow leaf curl Sardinia virus Spain isolate (TYLCSV) or tomato yellow leaf curl disease (TYLCD) suppress JA signaling through interacting with the COP9 signalosome subunit 5 (CSN5), which affects CSN-mediated deneddylation of SCFtype E3 ubiquitin ligases and their activity (Fig. 3) (LozanoDuran et al., 2011) . Downregulation of JA mediated plant immunity is also observed in the tritrophic interaction among the insect vector Bemisia tabaci, tomato yellow leaf curl China virus (TYLCCNV) and tomato. In this case, the viral satellite gene βC1 is required for the inhibition of JA production and JA-mediated defense against vector infestation (Yang et al., 2008; Zhang et al., 2012; Salvaudon et al., 2013; Li et al., 2014) . βC1 directly binds to ASYMMETRIC LEAVES 1 (AS1), which negatively regulates JA response gene expression (Nurmberg et al., 2007; Yang et al., 2008) . Moreover, interaction between βC1 and MYC2 has been detected, which reduces MYC2-mediated expression of terpene synthase genes (Fig. 3) (Li et al., 2014) . Furthermore, manipulated host defense by B. tabaci was reported to be beneficial to other insect species. For example, B. tabaci suppresses JA-mediated volatile monoterpene (E)-β-ocimene emission in lima beans and benefits the spider mite Tetranychus urticae indirectly due to the reduced attraction of predatory mites Phytoseiulus persimilis ).
Some insects even attempt to exploit the intra-pathway antagonism between the ERF branch and the MYC branch of JA signaling for better accommodation (Verhage et al., 2011) . Elicitors in the oral secretion of caterpillars of Pieris rapae activate the ERF branch of the JA pathway in Arabidopsis, which confers resistance to necrotrophic pathogens (BerrocalLobo et al., 2002; Pré et al., 2008) . Activation of the ERF branch is associated with suppression of the MYC branch, which mediates resistance to insects (Lorenzo et al., 2004; Dombrecht et al., 2007; Fernández-Calvo et al., 2011) .
In addition, the effector calreticulin (Mi-CRT) from the root-knot nematode (RKN) Meloidogyne incognita has been shown to suppress JA response gene expression in Arabidopsis (Jaouannet et al., 2013) . Although the exact function of Mi-CRT in the alteration of JA defense is unknown, Jaouannet and colleagues proposed that Mi-CRT likely suppresses JA defense through chelating calcium in the apoplast and preventing calcium influx (Jaouannet et al., 2013) .
Perspectives
Clearly, manipulation of SA-JA antagonism has emerged as a major theme in plant interactions with pathogens, insects and nematodes. The core components of JA signaling, particularly COI1 and JAZ coreceptor proteins, appear to be common targets of virulence factors from biotrophic and hemibiotrophic pathogens. Conventional activation of either the JA or SA signaling pathway, through genetic or chemical manipulation, encounters a risk of improving plant defense against one attacker, but inherently priming plant susceptibility to other attackers, illustrating the complexity and vulnerability of the plant defense network. For example, classical loss-of-function coi1 mutants exhibit high level resistance to P. syringae but are greatly compromised in defense against chewing insects and necrotrophic pathogens (Stintzi et al., 2001; Glazebrook, 2005; Robert-Seilaniantz et al., 2011; Thaler et al., 2012) .
How do we solve this dilemma? One approach would be to modify specific JA signaling components to be insensitive to manipulation by pathogen or insect virulence factors but preserving the functions of these signaling components in the perception and signal transduction of endogenous JA. A recent study illustrates the feasibility of this approach. Guided by the crystal structure of the COI1-JAZ coreceptor and evolutionary clues from the putative ligand-binding pockets of COI1 paralogs of low plant species, Zhang et al. (2015b) were able to make a single nucleotide/amino acid substitution, A384V, in the ligand-binding pocket of the Arabidopsis COI1 protein that allows for sufficient signal transduction of endogenous JA-Ile, but has greatly reduced sensitivity to the P. syringae toxin COR (Zhang et al., 2015b) . Consequently, transgenic Arabidopsis plants expressing the engineered COI1 A384V receptor not only maintained male fertility and a high level of insect defense but also gained resistance to the hemibiotrophic COR-producing pathogens P. syringae pv. tomato DC3000 and P. syringae pv. maculicola ES4326. This result provides a proof-of-concept demonstration for modifying the host targets of pathogen virulence factors as a promising new approach to broaden the capacity of host defense against highly evolved pathogens.
As mentioned above, HopZ1a from Psy A2 and HopX1 from Pta 11528 promote the degradation of JAZ proteins through direct interaction, resulting in activation of JA signaling Gimenez-Ibanez et al., 2014) . MiSSP7 from Laccaria bicolor interacts with the Populus PtJAZ6 protein, inhibits JA-induced degradation of PtJAZ6 and promotes symbiosis (Plett et al., 2014) . In these cases, innovative JAZ-based methods could be developed to counter pathogen virulence and enhance beneficial symbiosis. Overall, growing knowledge of JA signaling and pathogen hijacking has begun to reveal disease vulnerable targets that may be repaired as a novel strategy for defense reinforcement.
